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Fig. 1 Schematics of laser-induced chemical reduction for hierarchical silver micro-nanostructures by dielectric microsphere focusing.

(a) Self-assembly of dielectric microspheres on the surface of PDMS film; (b)-(c) dielectric microspheres were embedded into the
uncured PDMS film; (d) - (e) preparation of AgNPs/AgMRs/MS SERS substrates by laser-chemical reduction; (f) Raman

detection
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Fig. 2 Regulation of dielectric microsphere diameter (D) on the structure of AgNPs/AgMRs
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Table 1 Experimental and simulated characteristic size of AgMRs under dielectric microspheres with different diameters

Characteristic size /nm

Data source Region
D=9 pm D=14 pm D=17 pm D=21pm
1 1209461 790.5+80.9 334.5+32.5 267.1+23.4
2 685.2+36.1 423.9428.9
. 3 862.4+51.3
Experiment
4 87.0+10.0 97.0+£11.7 70.6+15.7
5 133.54+15.9 98.2+13.3
6 121.44+20.1
1 1126 519.8 328.9 342.1
2 712.8 479.3
. . 3 890.2
Simulation
4 82.2 79.9 94.9
5 126.1 90.5
6 134.7
B B i T 9 35 6 6 5 B A L OSR R TR R A AgNPs AR K, BB AGMRs S5 HI I . i Ok

AgNPs g Z 8 /0, LK AgMRs 454, W& 2(i) ~
(D Fr7R o 3% — 25 JL Ak B A 5T foask 3 ok 28 £5 A SO
FE RIS T 52 BT X A6 5 1 ok RS 98 4% 9 1 =
W T AgMRs. MiEREAA N 21 pm B, AT LIFS 3] £
Z =R E M AgMRs, AgMRs N # t1 AgNPs 20 1%,
AgNPs/AgMRs H (1) 42 (8] B AT 68 25 7= 42 K & SERS
PRSI
32 RUZEFESHITE K AgNPs/AgMRs/MS E &

EHREERHEMN

o 45 B Ak 2 0 R T4 S 8 O 9K TR Tk L
Cagno.t Ceinao, TROG TR BT 4 BB (8] ) X 22 9048 1
YR L8 KB (1) 52 [ 2 POGER BRI R 98 p W, 75 K [A] 48
BEBF1E] T, BFSE T Cagno,t Connao, X 22 08 18098 45+
B P A . AT I 3(a) AT LR B 2 2 Capno
Cenao=1:20F , AgNPs LK ;24 C oo, Coinao =
1:6 W, % 19 AgNPs 7] LL7E 40 s P # I 1%, 5 20
AgMRs 45 ¥ AN Wi 5 2 Capo.t Copneo =1 4 B},
AgNPs A= K 3 B35, A2 %9 AgMRs 45 ¥4 3 B o
BT Cagnot Connao=1: 4 BUERE 1 ¥R T O 1R
Ty 22 R0 % BEOR [B) % 2 AR AN 5 A i 52 . 5] 3(Db)
FEH . Y4 IR I RN (49 pW) I 38 5 B AgNPs
Bt R W AgMRs 450 . 45E I 2Rk 98 pW
F, AgNPs [0 J5 o B B 8 32 5, 4R IR 40 s P JE W T
L 50 nm B 42 0 3 89 AgNPs ; 24 85 B i) ZE K £ 80 s
IF, AT 0 2% 5 3 M A9 AgMRs Z5 4 , [ i AgNPs i) % 4k
R B BRI, P2 AR T R AN B 4K TR B 2
B R ) AE K 3 120 s, A L& B AgNPs ]Sf B g AR
Ko MBOCThH N 168 pW I}, 48 IR 40 s BT W22 375
BhT 1) 22 0 R B AN 235 4 Bl A o TR T [ B 4G, AgMIR's &5
¥4 3% 0 % AgNPs IH 78, 4 46 BB [R] 28 K 28 120 s B,

238 i T2 S BT IR AR H 7E Capnvo.t Copinao, =
1:4 OG0 98 uW 4E B[] 2 80 s By &5 1
T, AT L34S BA 1 B AgMRs 45 ¥ K 55 % B AgNPs
) 2GRN S5 .
3.3 % % AgNPs/AgMRs/MS £ & % #11#) SERS 14 &
1
DL BE A 10° mol /L (4 W F 3£ 35 (MB) ¥ TR £
K ¥y, WF 58 7 AR 45 T2 F 290 AgNPs/AgMRs/
MS E &4 2 raE. K 4(a) BR T AR Cano,:
Cepnao, N 1624 cm ' hi7 2 W58 JF (1) 748 fb il 26, 7T LA &
Y Cagvo,* Ce e, R 1 4~1:6 B HA F im0 i & 1
SRACR . 1E Cagno Conneo,=1:4 T #2058 TOLAL
2EA RO R R T SR = g s PR RR A, 4n ] 4(b)
Fin . 5L .5 49 uW F1 168 pW A kb, 7 98 uW
R TR T 15 8 i £ 9 AgNPs/AgMRs/MS & & 4%
A1 7 2 148 i 1 B O A 5 2 A R 4 R S (] ZE K
JE K5 T B IS, 7 8 B 80 s I AT 3545 B AR il b
SR PERE . X — W BRI ] 5 AR e 22 AR T 4
A 1 8 B ] — B, 2 S e AOAR R ER T AR R A
AgMRs R ERCR . Kl 4(c) R, R EAE A 21 pm
A sk i B 19 = S B AgMRs 45 0 19 i 8 1 538 M BE
o F H A B4R B Bk A 1) AgMRs S50, UE B T
AgMRs {2 45 ) () 38 28 B T SERS #f i P g 6 $2
Tho H I, 7E 98 pW BOL 4R YR T IR 21 pm ek
80 s JIr il 45 i 22 2% AgNPs/AgMRs/MS & & 4 FHL AT
B A2 (7 B iR A SR, HG S MIB K 8 A G i IR ATk )
10" mol/L, W& 4(d) 7w o $7 2 B8R I F (L)'
I A AR
ISERS C(J

é/]jlfR[ e

I,

) (1)

<
(/SICRS

0402404-5



120

80

Irradiation time /s

40

®)

120

80

Irradiation time /s

40

v

49 98 168
Laser power /uW

B3 TEARFDCAFE ST 2R M 4548 R 1 1 SEM B K . (a) 2 FUR A EE A BE C oo, Coonao, FH4R T ] 19 25 4k ;
(b) 22 G AR A 235 149 G V5O i TR ) S5 R s R[] 1) 722 1

Fig. 3 SEM micrographs of hierarchical silver micro-nanostructure surfaces under different photochemical parameters. (a) Evolution

of hierarchical silver micro-nanostructure with Cypno,? Ceuneo, and irradiation time; (b) evolution of hierarchical silver

nanostructure with laser irradiation power and irradiation time
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Fig. 4 SERS performance of hierarchical AgNPs/AgMRs/MS hybrid structures. (a)—(c) Regulation of the photochemical parameters

Capno.’ Cepnao,» irradiation power, and microsphere diameter on Raman intensity of MB at 1624 ¢cm ™ '; (d)-(g) Raman detection

limit of MB, MG, 4-NBT, and CV on hierarchical AgNPs/AgMRs/MS hybrid structures SERS substrate; (h) repeatability of

hierarchical AgNPs/AgMRs/MS hybrid structures; (i) histogram of intensity distribution of Raman characteristic peaks at
1396 cm ™' and 1624 cm™' for MB molecules
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Raman detection limit of MB molecules on different substrates. (a) Si substrate; (b) PDMS substrate; (c) MS substrate;

(d) PDMS/MS substrate; (e) AgNPs substrate; (f) AgNPs/MS substrate
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Beijing 100124, China

Abstract

Objective Surface-enhanced Raman spectroscopy (SERS) harnesses metallic nanostructures combined with optical fields to create
localized surface plasmon resonance (LSPR), yielding significant Raman scattering enhancement. However, “top-down”
manufacturing methods for SERS substrates are often costly due to complex fabrication processes. Photochemical reduction synthesis,
known for its high chemical purity and good process controllability, has gained attention but typically requires a high-power laser for
rapid preparation. With advancements in high-power femtosecond-pulsed lasers, laser direct-writing has become viable for single-step
SERS substrate fabrication. Nevertheless, the small focal laser spot limits efficiency in large-area fabrication of patterned micro-
nanostructures. Dielectric microspheres, with their ability to focus incident lasers at their bottom beyond the diffraction limit, offer a
solution for parallel nanomanufacturing. This study developed a one-step photochemical reduction technique for hierarchical silver

micro-nanostructures using a dielectric microsphere array, demonstrating its ultra-sensitive Raman detection capability.

Methods A polydimethylsiloxane (PDMS) film was prepared by mixing PDMS with a curing agent and then spin-cured. Barium
titanate microspheres, with high refractive indices (1.9), were pressed into a monolayer close-packed array on the PDMS film via
mechanical grinding. An uncured PDMS film was placed onto this array, transferring and semi-embedding the microspheres into
PDMS (PDMS/MS), followed by curing. The PDMS/MS film was then covered with a silver nitrate and trisodium citrate solution.
A 532 nm line CW laser, with power ranging from 49-168 pW, focused by PDMS/MS into the solution, induced the reduction
reaction. Consequently, Ag” was reduced under focused laser irradiation, forming a hierarchical silver micro-nanostructure (AgNPs/
AgMRs) at the bottom of the microspheres. The surface morphology of the Ag micro-nanostructures was examined using SEM. The
influence of microsphere diameter and photoreduction parameters on the morphology was both theoretically and experimentally
investigated. Raman spectra of various analytes at different concentrations were acquired to optimize the hierarchical AgNP/AgMR/

MS structure, with COMSOL simulations revealing the Raman enhancement mechanisms.

Results and Discussions The study explored how microsphere diameters affect the hierarchical Ag micro-nanostructure. With a
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diameter increase to 21 pm, AgMRs with three concentric circles were formed. Increasing the diameter further to 39 um resulted in
the focused light energy at the microsphere bottom falling below the photochemical reduction threshold, leading to the formation of
only a small amount of AgNPs (Fig. 2). Optimal photochemical reduction parameters were experimentally determined: a 1:4 molar
concentration ratio of silver nitrate to trisodium citrate, a 98 pW laser power, and an 80 s irradiation time produced clear AgMRs with
high-density AgNPs at the microsphere bottom (Fig. 3). This configuration achieved a detection limit of 10~" mol/L for methylene
blue solution and an enhancement factor () of up to 9.50X10°. The SERS structure exhibited good reproducibility and compatibility
for practical applications, as shown in Fig. 4. Furthermore, an enhancement factor of 9.53X 10" for the hierarchical AgNP/AgMR/
MS structure was obtained through numerical simulation (Fig. 6), aligning well with experimental results. The Raman enhancement
channels were attributed to electromagnetic enhancement from microsphere nanofocusing, localized surface plasmon resonances in
AgNPs/AgMRs, and the directional antenna effect of the AgNPs/AgMRs/MS hybrid structure.

Conclusions This study proposes a new technique for fabricating hierarchical metal micro-nanostructures through optical field
modulation of dielectric microspheres. Rapid photochemical reduction of the hierarchical Ag micro-nanostructure was achieved using
the unique focusing properties of dielectric microspheres. The impact of precursor molar concentration ratio, microsphere diameter,
laser power, and irradiation time on the morphology of the hierarchical Ag micro-nanostructures was thoroughly examined.
An optimal Raman-enhancing hierarchical AgNP/AgMR/MS structure was fabricated using 21 pum diameter barium titanate
microspheres, a 1:4 silver nitrate to trisodium citrate molar concentration ratio, a 98 uW laser power, and an 80 s irradiation time.
Experiments and numerical simulations indicated that the Raman enhancement channels of the hierarchical AgNP/AgMR/MS
structure stemmed from microsphere nanofocusing, localized surface plasmon resonance of the hierarchical Ag micro-nanostructure,
and directional emission from the hybrid structure. The hierarchical AgNP/AgMR/MS hybrid structure demonstrated an enhancement
factor of up to 9.50X 10" and a detection limit of 10~"* mol/L for trace detection. This study provides a new strategy for creating ultra-
sensitive dielectric/metal hybrid SERS substrates with low cost and high performance for practical applications.

Key words spectroscopy; surface-enhanced Raman spectroscopy; hierarchical silver micro-nanostructures; photochemical synthesis;
dielectric microsphere
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